Background: Volatile anesthetics are known to protect the heart against ischemia-reperfusion injury. The authors tested whether anesthetic preconditioning with isoflurane is mediated via activation of the transcription factor hypoxia inducible factor 1 (HIF-1) and evaluated the role of mammalian target of rapamycin signaling in this process.
REPEATED brief episodes of ischemia protect the myocardium against subsequent prolonged ischemic injuries. This phenomenon, which has been termed ischemic preconditioning, has been described in various animal models, including humans. 1, 2 In addition to ischemia, myocardial preconditioning can be achieved by several pharmacologic agents, including volatile anesthetics. 3, 4 The mechanisms by which volatile anesthetics protect the heart have been investigated extensively and are believed to involve activation of adenosine receptors 5 and protein kinase C, 6 release of reactive oxygen species, 7 opening of adenosine triphosphate-regulated potassium channels, 8 activation of the phosphatidylinositol-3-kinase/Akt pathway 9 and other survival kinases, 10 and eventually activation of downstream targets, such as endothelial and inducible nitric oxide synthase. 11 However, despite extensive research, the precise mechanisms responsible for anesthetic-induced protection against myocardial ischemia and reperfusion are still incompletely understood. Hypoxia inducible factor 1 (HIF-1) is a transcription factor that promotes the expression of several genes that confer protection against hypoxia through angiogenesis, erythropoiesis, vasodilation, and altered glucose metabolism. 12, 13 HIF-1 is a heterodimeric protein consisting of two subunits: HIF-1␣ and HIF-1␤. HIF-1␤ is constitutively expressed. In contrast, HIF-1␣ is rapidly degraded during normoxia. Upon hypoxia, however, HIF-1␣ is stabilized through decreased activity of prolyl hydroxylases that target the protein for degradation, therefore allowing it to accumulate within the cell. HIF-1␣ then translocates to the nucleus, where it forms a heterodimer with HIF-1␤ and becomes an active transcription factor for end products that are important for anaerobic metabolism and cell survival, including erythropoietin, vascular endothelial growth factor (VEGF), glucose transport enzymes, and endothelial and inducible nitric oxide synthase. 12, 13 Several studies have focused lately on activation of HIF-1 to reduce injury after ischemia and reperfusion. 14, 15 Isoflurane can induce HIF-1-responsive genes such as inducible nitric oxide synthase, 16 heme oxygenase 1, 17 and VEGF. 18 However, it is not known whether anesthetic-induced cardioprotection is mediated through increased expression and/or activation of HIF-1, which in turn activates downstream targets that provide protection to the myocardium against ischemia-reperfusion injury. 19 -21 Identifying the mechanisms by which anesthetic preconditioning mediates its anti-ischemic actions may be of special clinical significance in protection against ischemic events in patients with coronary artery disease in the perioperative period. Therefore, using an in vivo model of regional myocardial ischemia and reperfusion in rabbits, we evaluated the effects of anes-thetic preconditioning, using isoflurane, on HIF-1 both in the ischemic myocardium and in remote nonischemic myocardial regions.
Materials and Methods
All experiments were conducted after the approval of the institutional Committee for Animal Care and Laboratory Use of the Hebrew University-Hadassah Medical Center, Jerusalem, Israel. The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (National Institutes of Health publication 85- 23, revised 1996) .
General Preparation
The rabbit model of regional myocardial ischemia and reperfusion has been previously described in detail. 9 Briefly, 6-month-old New Zealand White male rabbits, weighing 2.8 -3.2 kg, were anesthetized with intravenous sodium thiopental (30 mg/kg) via a 20-gauge catheter in a marginal ear vein, followed by a 5-mg · kg Ϫ1 · h Ϫ1 infusion. Neuromuscular blocking agents were not administered, and anesthetic depth was assessed according to the eyelash and pedal reflexes. A tracheostomy was performed using a ventral midline incision, and the rabbits were mechanically ventilated with positive-pressure ventilation using a 21-24% oxygen-air mixture to maintain an arterial oxygen partial pressure of 75-90 mmHg. The ventilation rate was 30 -35 breaths/min, and the tidal volume was set at 10 ml/kg. The respiratory rate was adjusted to keep the blood pH in the range of 7. 35-7.45 . End-expiratory carbon dioxide tension was monitored continuously. Catheters filled with heparinized saline (10 U/ml) were inserted in a carotid artery for arterial pressure monitoring and blood sampling, and in an internal jugular vein for intravenous drug administration. Maintenance fluids (0.9% NaCl) were administered at 15 ml · kg Ϫ1 · h Ϫ1 during the experiment. Core body temperature was measured via a rectal temperature probe and maintained at 38.5°Ϯ 0.2°C with radiant heat and a warming blanket. A three-lead electrocardiogram was continuously recorded. To access the heart, a left thoracotomy was performed in the fourth intercostal space, the pericardium was opened, and the heart was suspended in a pericardial cradle. A 4-0 silk suture was passed around the left anterior descending coronary artery just distal to the first diagonal branch with a tapered needle, and the ends of the suture were threaded through a small vinyl tube to form a snare. Coronary artery occlusion was performed by tightening the snare around the coronary artery. Myocardial ischemia was confirmed by epicardial cyanosis and ST-segment elevation in the electrocardiogram. Reperfusion was achieved by releasing the snare and was confirmed by visual observation of reactive hyperemia.
Experimental Design
The experimental design is illustrated in figure 1 . After a 30-min stabilization period, heparin (300 U/kg) was administered intravenously to all rabbits. All animals (except the sham groups) were subjected to 40 min of regional myocardial ischemia followed by 180 min of reperfusion. These animals were used to determine the hemodynamics, serum MB fraction of creatine kinase (CK-MB) concentrations, and cardiac infarct sizes. Rabbits were randomly assigned to one of the following groups: group 1, a nonischemic control group of shamoperated rabbits (sham, n ϭ 5); group 2, an ischemiareperfusion group (40 min of myocardial ischemia and 180 min of reperfusion, I/R, n ϭ 8); group 3, isoflurane ϩ sham (Iso ϩ sham, n ϭ 5); or group 4, anesthetic preconditioning group (APC, n ϭ 8). One minimal alveolar concentration of isoflurane (2.1%) 22 was started at the end of the stabilization period and administered for 30 min, followed by 30 min of washout before coronary occlusion. End-tidal concentrations of isoflurane were measured at the tip of the tracheostomy tube using an infrared anesthetic analyzer (Dräger Medical, Lübeck, Germany) that was calibrated with known standards. Before coronary occlusion, a zero end-tidal isoflurane concentration was confirmed.
To evaluate the potential role of HIF-1 in anesthetic preconditioning, the mammalian target of rapamycin (mTOR) inhibitor rapamycin (0.25 mg/kg intravenous 23 ; Sigma, St. Louis, MO) was used in the next experimental groups. This agent has been found to control the expression and reduce cellular levels of HIF-1␣. 24, 25 Rapamycin was dissolved in dimethyl sulfoxide (DMSO) and administered intravenously 10 min before isoflurane administration. To rule out any direct effect of rapamycin on the heart during baseline conditions or during ischemia and reperfusion, rabbits were treated with rapamycin but did not undergo any coronary intervention (group 5, Rap ϩ sham, n ϭ 5). In group 6, rapamycin was administered 70 min before coronary ischemia and reperfusion (Rap ϩ I/R, n ϭ 8), and in group 7, rapamycin was administered intravenously before anesthetic preconditioning (Rap ϩ APC, n ϭ 8) followed by coronary occlusion and reperfusion. An additional group of rabbits (group 8, DMSO, n ϭ 8) was treated with DMSO alone before coronary occlusion and reperfusion to rule out any effect of the vehicle itself on infarct size.
In the second set of experiments, rabbits (n ϭ 5 in each group) were subjected to the various experimental conditions as described above, except they were not subjected to myocardial reperfusion. The hearts were not reperfused because HIF-1␣ is rapidly metabolized upon reoxygenation. 26 At the end of the 40 min of coronary occlusion, the animals were killed by an intravenous injection of sodium thiopental, and myocardial samples were collected from ischemic left ventricular regions and nonischemic right ventricular regions for evaluation of HIF-1 protein expression and DNA binding activity. Samples were frozen in liquid nitrogen and kept at Ϫ80°C until further processed. All assays were repeated in triplicate.
Measurements of Hemodynamics and Serum CK-MB Concentrations
Hemodynamic measurements included heart rate and mean arterial pressure. The rate-pressure product was calculated as the product of the heart rate and the peak mean arterial pressure (table 1). Blood samples were obtained and analyzed for serum concentrations of CK-MB by an enzymatic assay method using a CK assay kit (Sigma Diagnostics, St. Louis, MO). Samples were collected at the following time points: immediately after anesthetizing the animals (baseline sample); 20 and 40 min after the onset of coronary occlusion; and 30, 60, 120, and 180 min after the onset of reperfusion.
Determination of the Area at Risk and Infarct Size
Infarct size measurement was performed as previously described. 9 Briefly, at the end of reperfusion, hearts were excised, mounted on a Langendorff apparatus, and perfused with phosphate-buffered saline at 100 cm H 2 O for 1 min to wash out intravascular blood. The coronary artery was reoccluded, and 10 ml methylene blue, 0.1%, was infused into the aortic root to label the normally perfused zone with deep blue color, thereby delineating the risk zone as a nonstained area. The hearts were then removed from the Langendorff apparatus, trimmed of atria and great vessels, weighed, and frozen. The hearts were then cut into 2-mm transverse slices and incubated in 1% 2,3,5-triphenyltetrazolium chloride in pH 7.4 buffer for 20 min at 37°C. The slices were then placed in 10% neutral buffered formaldehyde overnight to increase the contrast between stained and nonstained tissue. Because 2,3,5-triphenyltetrazolium chloride stains viable tissue a deep red color, nonstained tissue was presumed to be infarcted. Slices were then photographed, the risk and infarct areas in each slice were measured by computer morphometry using the Bioquant imaging software (Bioquant Imaging Corporation, Nashville, TN), and the percentages of the at-risk and infarcted areas were calculated.
Nuclear Extract Preparation
For evaluation of HIF-1␣ expression, nuclear extracts were prepared from ischemic and nonischemic myocardial samples as previously described. 27 Briefly, tissue samples (approximately 200 mg each) were ground in liquid nitrogen and homogenized in 1 ml ice-cold lysis buffer containing 20 mM Tris (pH 7.4), 140 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, 1 mM EDTA, 1 mM dithiothreitol, 0.5% NP-40, 0.5 mM Na 3 VO 4 , and a cocktail of protease inhibitors (aprotinin, leupeptin, PMSF) using the IKA-Ultra-Turrax homogenizer (Staufen, Germany). The homogenate was centrifuged at 13,000g for 15 min at 4°C. The cell pellets were washed twice in cold phosphatebuffered saline and resuspended in 4 packed cell volumes of buffer A containing 10 mM Tris-HCl (pH 7.5), 1.5 mM MgCl 2 , 10 mM KCl, 2 mM dithiothreitol, 0.4 mM PMSF, 1 mM Na 3 VO 4 , 2 g/l leupeptin, 2 g/l pepstatin, and 2 g/l aprotinin. The pellets were then incubated on ice for 10 min and homogenized with 50 strokes of a dounce homogenizer. The nuclei were pelleted and then resuspended in 3 packed volumes of buffer C containing 0.42 mM KCl, 20 mM Tris-HCl (pH 7.5), 1.5 mM MgCl 2 , 20% glycerol, 2 mM DTT, 0.4 mM PMSF, 1 mM Na 3 VO 4 , 2 g/l leupeptin, 2 g/l pepstatin, and 2 g/l aprotinin. The resulting mixture was then mixed on a rotator for 30 min, centrifuged to remove nuclear debris, and then dialyzed with one change of buffer for 4 h at 4°C in buffer D containing 20 mM Tris-HCl (pH 7.5), 0.1 mM KCl, 0.2 mM EDTA, and 20% glycerol. The extracts were aliquoted and stored at Ϫ80°C.
Western Blotting for HIF-1␣
After determination of protein concentrations by the modified Bradford assay (Bio-Rad, Hercules, CA) using bovine serum albumin as a standard, equivalent amounts (50 g) of nuclear protein samples were loaded and separated on 10% SDS-PAGE gel and then electrophoretically transferred to a nitrocellulose membrane (Bio-Rad). After blocking with 5% nonfat dry milk in Tris-buffered saline containing 0.1% Tween-20 (TBST), membranes were incubated for 3 h in room temperature with antirabbit HIF-1␣ antibodies (Novus Biologicals Inc., Littleton, CO) at 1:1,000 (vol/vol) dilution in 5% nonfat dry milk. Membranes were then washed three times with TBST for 10 min and subsequently incubated for 1 h in 5% nonfat dry milk in TBST containing goat anti-mouse immunoglobulin G conjugated to horseradish peroxidase (Jackson Immunolabs, West Grove, PA) at 1:5,000 dilution. Peroxidase activity was visualized by means of enhanced chemiluminescence (Amersham Pharmacia Biotech, Piscataway, NJ), followed by exposure to hyperfilms (Amersham Pharmacia Biotech). HIF-1␤ expression remained unchanged by ischemia-reperfusion, isoflurane, or any other experimental treatment applied in the study; therefore, HIF-1␤ (1:2,000 dilution; Santa Cruz Biotechnology Inc., Santa Cruz, CA) was detected on immunoblots as a loading control for protein quantity. Optical density for each band was determined using the National Institutes of Health image program (NIH Image 1.6; Bethesda, MD) and normalized against background density for each gel.
Electrophoretic Mobility Shift Analysis
Electrophoretic mobility shift analysis was performed to evaluate the effect of isoflurane on HIF-1 DNA binding activity. Nuclear protein extracts (3 g) from ischemic myocardium were preincubated in binding buffer (10 mM Tris, 50 mM KCl, 50 mM NaCl, 1 mM MgCl 2 , 1 mM EDTA, 5 mM dithiothreitol, and 5% glycerol) for 5 min at 4°C. The oligonucleotides probes for HIF-1 were sense strand 5=-GCCCTACGTGCTGTCTCA-3= and antisense 5=-GCCCTAAAAGCTGTCTCA-3=. 28 The sense strand was labeled using T 4 polynucleotide kinase (Promega, Madison, WI) and ␥-32 P[ATP] and added (1.5 fmol) to the Supershift assay using HIF-1␣ antibodies and cold competition with unlabeled oligonucleotides (in a concentration 50 times higher than of the labeled oligonucleotides) were performed for specificity.
Statistical Analysis
Statistical analysis was performed using SPSS 10.0 for Windows software (SPSS Inc., Chicago, IL). Data within groups at different times were analyzed by one-way analysis of variance for repeated measures followed by Student-Newman-Keuls test. Data between groups at the same time points were analyzed by one-way analysis of variance followed by Student-Newman-Keuls test. All data were confirmed to be normally distributed. Values are expressed as mean Ϯ SEM. P Ͻ 0.05 was considered to be statistically significant.
Results
Ninety-five rabbits were used to successfully complete 87 experiments. Eight animals were excluded because of refractory ventricular fibrillation. The incidence of refractory ventricular fibrillation was not significantly different among the groups (2/8 I/R, 2/8 APC, 1/8 Rap ϩ I/R, 2/8 Rap ϩ APC, 1/8 DMSO). There was no mortality in the sham-operated animals.
Systemic Hemodynamics
Hemodynamic data are presented in table 1. There were no differences in baseline hemodynamic parameters between groups, nor were there any differences recorded during the time course of the experiment in the sham-operated animal groups. Mean arterial pressure decreased in the Iso ϩ sham and APC groups during isoflurane administration; however, after the washout period, the pressure returned to baseline values. A transient increase in heart rate (not significant) was also noted in the isoflurane-treated animals. Left anterior descending coronary artery occlusion significantly decreased (P Ͻ 0.05) mean arterial pressure and the ratepressure product in the I/R, Rap ϩ I/R, Rap ϩ APC, and DMSO groups. Heart rate, mean arterial pressure, and rate-pressure product decreased over time during reperfusion in all experimental groups. This reduction, which can be explained at least partially by a decrease in the surgical stimulus, was significant compared with baseline values (P Ͻ 0.05). However, there were no significant differences in the hemodynamic parameters between groups during reperfusion.
CK-MB Concentrations and Myocardial Infarct Sizes
In the I/R group, the CK-MB concentration increased by 243 Ϯ 12% after 180 min of reperfusion, compared with baseline levels,whereas anesthetic preconditioning with isoflurane attenuated this increase to only 103 Ϯ 8% at the same time point ( fig. 2 ; P Ͻ 0.05). Administration of rapamycin inhibited the cardioprotective effect of isoflurane, and CK-MB concentrations increased maximally by 254 Ϯ 9% ( fig. 2 ; P Ͻ 0.05 compared with the APC group). In the Rap ϩ I/R group, CK-MB increased by 239 Ϯ 11% above baseline levels after 180 min of reperfusion (not significant compared with the I/R group). Similarly, administration of DMSO before ischemia and reperfusion resulted in a maximal increase of 247 Ϯ 7% in CK-MB after 180 min of reperfusion ( fig. 2 ; not significant compared with the I/R group).
The ratio of area at risk to left ventricular mass did not differ significantly among groups: 51 Ϯ 2% in the I/R group, 54 Ϯ 3% in the APC group, 48 Ϯ 3% in the Rap ϩ I/R group, 49 Ϯ 6% in the Rap ϩ APC group, and 53 Ϯ 6% in the DMSO group. These data suggest that changes in the infarct sizes observed in the various experimental groups cannot be related to the percentage of the left ventricular myocardium, whose blood supply was occluded.
In the I/R group, the infarct size was 44 Ϯ 6% of the area at risk. Pretreatment with isoflurane decreased the infarct size to 26 Ϯ 4% (P Ͻ 0.05 compared with the I/R group). Rapamycin administration before myocardial ischemia and reperfusion did not affect infarct size (50 Ϯ 3%; not significant compared with the I/R group); how- ever, rapamycin significantly inhibited the cardioprotective effect produced by 1 minimum alveolar concentration (MAC) of isoflurane (49 Ϯ 4%; P Ͻ 0.05 compared with the APC group; fig. 3 ). An infarct size of 47 Ϯ 3% was observed in the DMSO group (not significantly different compared with the I/R group), indicating that administration of DMSO before myocardial ischemia and reperfusion did not affect infarct size. Finally, there was no increase in CK-MB concentration above baseline in the sham-operated animals, nor were any myocardial infarctions observed (data not shown).
Isoflurane Induces an Increase in HIF-1␣ Myocardial Expression
Hypoxia inducible factor-1␣ expression significantly increased in the ischemia and Iso ϩ sham groups compared with nonischemic sham-operated controls. Isoflurane administration before coronary occlusion in the APC group resulted in a greater increase in HIF-1␣ protein levels than that seen in the ischemia or Iso ϩ sham groups ( fig. 4 ). Furthermore, this increase in HIF-1␣ protein expression was found both in the ischemic myocardium and in the remote nonischemic myocardial samples ( fig. 5 ). Rapamycin pretreatment inhibited the increase in HIF-1 caused by ischemia and isoflurane (figs. 4 and 5).
Isoflurane Increases HIF-1 DNA Binding Activity
To evaluate the effect of isoflurane on HIF-1 DNA binding activity, electrophoretic mobility shift analysis was performed on nuclear protein samples that were obtained from ischemic myocardium. HIF-1 DNA binding was significantly increased in the coronary ischemia and Iso groups compared with the nonischemic operated sham group ( fig. 6 ). Isoflurane preconditioning resulted in an even greater increase in HIF-1 DNA binding than that seen in the coronary ischemia and Iso groups. Rapamycin pretreatment, however, inhibited the effects of ischemia and isoflurane on HIF-1 DNA binding, returning it to a degree comparable with nonischemic shamoperated animals. Cold competition with excessive unlabeled oligonucleotides and supershift assays confirmed HIF-1 band specificity.
Discussion
Using an in vivo model of regional myocardial ischemia and reperfusion in rabbits, we confirmed findings of previous studies 5, 29 demonstrating that anesthetic preconditioning by isoflurane before myocardial ischemia and reperfusion is cardioprotective. These cardioprotective effects of anesthetic preconditioning may be mediated by activation of the transcription factor HIF-1. Administration of the mTOR inhibitor rapamycin, an upstream regulator of HIF-1␣ expression and activity, 24, 25, 30 abolished the cardioprotective effect of isoflurane while concomitantly inhibiting HIF-1␣ protein expression and HIF-1 DNA binding, providing evidence that isoflurane-induced HIF-1␣ upregulation is mTOR mediated. Our findings are important because it has been known for several years that volatile anesthetics provide protection against ischemia and reperfusion in various organs, including the heart, 3,4,31 kidneys, 32 and brain. 16 However, the mechanisms involved in this protection are not completely understood yet. The results of the current investigation are in agreement with a recent investigation 33 showing that isoflurane preconditioning is associated with up-regulation of HIF-1␣. Our current investigation, however, extends these results. We found that isoflurane exposure resulted in up-regulation of HIF-1␣ even without ischemia, suggesting that isoflurane may have an ischemia-hypoxia-mimicking effect, to activate the HIF-1 cascade. Furthermore, Li et al. 33 tested the response of HIF-1 to isoflurane in a cell culture model without hypoxia and reoxygenation interventions, whereas we have used a more clinically relevant in vivo model of coronary ischemia and reperfusion. Our results are also in agreement with a recent study by Wang et al. 18 These investigators showed that isoflurane preconditioning increased HIF-1 and VEGF expression in the rat heart and that an extracellular signal-regulated protein kinase inhibitor blocked this protection and concomitantly inhibited the up-regulation in HIF-1 expression. Taken together, our results and the results of other investigations provide strong evidence to support the hypothesis that anesthetic preconditioning is mediated by activation of the HIF-1 cascade.
Our results also showed that HIF-1␣ protein expression was increased in nonischemic myocardial regions of the heart in response to remote ischemia or isoflurane preconditioning. Similarly, Kim et al. 34 demonstrated increased expression of the HIF-1 target VEGF in nonischemic regions of the right ventricle in response to myocardial ischemia. Because these remote areas are neither ischemic nor hypoxic, stimuli other than ischemia seem to be responsible for the accumulation of HIF-1␣. One of the possible stimuli is the increased right ventricular diastolic wall stress caused by increased left ventricular end-diastolic pressure typically observed in hearts with severe ischemia or myocardial infarction. Moreover, systemic administration of isoflurane has the same effects on both ventricles, allowing us to assume that in response to isoflurane exposure, the same mechanisms that cause increased HIF-1 expression in the left ventricle are also responsible for the increased expression of HIF-1 in the right ventricle. However, the exact mechanisms involved in this phenomenon are still under investigation by our laboratory.
Intracellular hypoxia is a major stimulus for the production and enhanced activity of HIF-1␣, but several other mediators, such as reactive oxygen species, have also been shown to be potent activators of HIF-1␣ under normoxic conditions. 35 Furthermore, these reactive oxygen intermediates play a key role in triggering isoflurane-induced preconditioning in vivo. 7 Isoflurane was also recently shown to increase endothelial nitric oxide synthase transcription and translation before prolonged coronary occlusion and reperfusion. 20 Hence, isoflurane may enhance HIF-1␣ expression and activity via gener- ation of reactive oxygen species or production of nitric oxide. Furthermore, we have recently shown 9 that isoflurane preconditioning is mediated by activation of the PI3K/Akt survival pathway. This pathway has been demonstrated to control HIF-1␣ protein expression and activity. 34, 36 Therefore, an alternative explanation for HIF-1␣ up-regulation by isoflurane may be via activation of the PI3K/Akt survival pathway. Several studies have focused lately on activation of the HIF-1 signaling system as a potential therapy to reduce injury after ischemia and reperfusion. 14, 15 In this regard, it is important to note that hypoxic or pharmacologic preconditioning-induced neuroprotection in neonatal rats after hypoxic-ischemic brain injury is mediated by activation of HIF-1. 37 However, to our knowledge, our study is the first study to report that anesthetic preconditioning, using an in vivo model of regional myocardial ischemia and reperfusion, is related to activation of HIF-1␣ and that this activation is mediated through mTOR signaling. Furthermore, the increase in HIF-1␣ expression was demonstrated in both ischemic and remote nonischemic myocardium.
Hypoxia inducible factor 1 is a transcription factor that mediates adaptive mechanisms such as glycolysis, erythropoiesis, and angiogenesis during hypoxic-ischemic injury. 12, 13, 38 As previously mentioned, during hypoxic conditions, the degradation of HIF-1␣ is blocked, allow-ing it to accumulate within the cell and then to translocate to the nucleus, where it forms a heterodimer with HIF-1␤, to become the active transcription factor for several key end products that are important for anaerobic metabolism and cell survival, including erythropoietin, VEGF, glucose transport enzymes, endothelial nitric oxide synthase, inducible nitric oxide synthase, and glycolytic enzymes. 38 Although HIF-1 is rapidly degraded upon reperfusion/reoxygenation of tissues or cells, the process to increase the expression of its downstream targets, such as inducible nitric oxide synthase, VEGF, and erythropoietin, should already be activated to provide protection against ischemia-reperfusion. The protective actions of erythropoietin and nitric oxide during ischemic and anesthetic preconditioning have already been demonstrated. 20, 39 Increased HIF-1␣ protein expression and DNA binding by isoflurane and its inhibition by the mTOR antagonist rapamycin provide strong evidence for the involvement of HIF-1 in isoflurane-induced cardioprotection.
Rapamycin is an immunosuppressive agent that is known to be a specific inhibitor of the high-molecularmass protein kinase mTOR. This protein kinase has been shown to coordinate growth factor and nutrient availability with cell growth and proliferation. 40 Through its effect on mTOR, rapamycin has been demonstrated as an upstream inhibitor of HIF-1␣ expression and activity in various experimental models. 25, 41 Furthermore, it was recently approved as an antitumor therapy in certain neoplasms that have increased expression of HIF-1. 24, 42 For these reasons, we chose to use rapamycin to determine the role of mTOR in the isoflurane-induced upregulation of HIF-1 expression and activity. Nevertheless, rapamycin has also been used as an antagonist of the p70s6 kinase that is known to play a major role in preconditioning. 43 Therefore, the possibility that rapamycin abolished isoflurane's cardioprotective effect via inhibition of the p70s6 kinase or another unrelated protein kinase cannot be entirely excluded.
Recently, Khan et al. 44 used rapamycin to induce cardioprotection in an isolated mouse heart model and mouse cardiomyocytes. These findings are not consistent with our results or with results from many other investigators who showed that rapamycin did not induce protection and, instead, blocked the effects of preconditioning. The reasons for this discrepancy are not clear. Species differences may contribute to it.
In contrast to the reported effects of isoflurane on HIF-1, it has been demonstrated, however, that halothane reversibly blocks hypoxia-induced HIF-1␣ protein accumulation and transcriptional activity at clinically relevant doses in a human hepatoma-derived cell line. 45 Differential physiologic effects of volatile anesthetics are well known. For example, halothane and isoflurane produce different inotropic and vasodilatory effects. 46 In addition, isoflurane induces protection of human myocardium against anoxic injury; however, halothane does not. 47 Therefore, these previous studies may support the hypothesis that isoflurane and halothane differ in their actions on HIF-1 activation.
Cai et al. 48 have showed that hypoxic preconditioning before myocardial ischemia and reperfusion attenuated apoptosis and was associated with up-regulation of HIF-1␣. We have recently demonstrated that isoflurane preconditioning reduced myocardial apoptosis using the same model that was used in the current investigation. 9 These data may support the hypothesis that isoflurane preconditioning inhibits myocardial apoptosis via an HIF-1-regulated mechanism; however, this is yet to be demonstrated.
The current results must be interpreted within the constraints of several potential limitations. Myocardial infarct size is determined primarily by the size of the area at risk and the extent of coronary collateral perfusion. The area at risk, expressed as a percentage of total left ventricle mass, was similar between groups in the current investigation. Coronary collateral blood flow was not specifically quantified in the current investigation. However, rabbits have been shown to possess little if any coronary collateral blood flow. 49 Therefore, it seems unlikely that differences in collateral perfusion between groups account for the observed results.
In the current investigation, we used CK-MB to evaluate the extent of myocardial injury. Although troponins are more specific to the myocardium, CK-MB is still in wide use for evaluation of myocardial injury. 50 One may comment that a part of our measured CK-MB concentrations may originate from muscle injury during the surgical procedure. Indeed, striated muscle damage can result in elevated CK-MB concentrations. However, considering the fact that all animals went through the same surgical procedure, we assume that the extent of muscle injury was similar in all of the experimental groups. Therefore, the differences in CK-MB concentrations probably correlate with differences in the extent of myocardial injury. Furthermore, the increase in CK-MB concentrations occurred mainly during the reperfusion phase, which is more compatible with myocardial injury than with striated muscle damage.
In summary, the current investigation indicates that preconditioning by administration of 1.0 MAC isoflurane before myocardial ischemia and reperfusion salvages myocardium from infarction. These beneficial effects of anesthetic preconditioning may be mediated by increased protein expression and activation of HIF-1␣, which may be mTOR dependent. Ischemic and anesthetic preconditioning have been shown to be mediated by important downstream targets of HIF-1, such as endothelial nitric oxide synthase and erythropoietin. These data suggest that isoflurane may affect gene expression of cardioprotective elements before coronary occlusion. Additional research will be required to elucidate other signaling elements involved in preconditioning by anesthetics and clarify the role of HIF-1 in anesthetic-induced cardioprotection.
